Performance of a pilot scale Hybrid Vertical Anaerobic Biofilm (HyVAB) reactor treating petrochemical refinery wastewater is presented here. The reactor is an integration of a bottom anaerobic sludge bed and a top aerobic biofilm stage and was operated continuously for 92 days at 21 + 2°C. Wastewater was fed continuously to the reactor with step flow increases reducing hydraulic retention time from 55 to 12 hours, increasing organic loading rate from 3 to 33 kg-COD/m 3 ·d. The HyVAB removed on average 91% and 86% of the soluble and total feed COD, respectively, at steady state and loads up to 23 kg-COD/m 3 ·d, of which 98% of the soluble COD removal occurred in the anaerobic stage. Methane yield ranged from 0.29 to 0.51 L/g-COD removed, including conversion of settled aerobic sludge to methane. Sludge production was low (0.04 kg-VSS/kg-COD removed) and biogas methane content high (84 + 2%). The results demonstrated that HyVAB is an efficient, low footprint alternative for high strength wastewater treatment.
INTRODUCTION
High strength wastewater is inherent to many industrial activities, such as petrochemical refinery processes. Petrochemical wastewater contains high concentrations of various hydrocarbons of oil, grease, aliphatic, aromatic petroleum hydrocarbons etc. and sulfides and metal components (Hamza et al. 2016; Jafarinejad 2017a; Sanchez-Salas et al. 2017) . Untreated petroleum industry wastewater can cause environmental problems (Jafarinejad 2017a (Jafarinejad , 2017b . Due to high oil reliance in modern society accounting for 1/3 of the world's energy supply (Diya'uddeen et al. 2011) , proper treatment of such wastewaters with high efficiency and environmental friendly methods are required.
Anaerobic digestion (AD) has been broadly recognized as the core for sustainable wastewater treatment. AD requires less space, generate low sludge amount comparing to aerobic treatment and can produce renewable energy as methane (Mao et al. 2015; Zhang et al. 2016; Lin et al. 2017) . This is especially true when it comes to high strength wastewater treatment, which otherwise requires large energy input for aeration and generate huge quantity of aerobic active sludge that demands further treatment. However, anaerobic treatment alone cannot always meet the discharge requirements and requires post treatment using for example an aerobic process (Tchobanoglous et al. 2013; Tomei et al. 2016; Show & Lee 2017) . Conventional anaerobic and aerobic process combinations require large space and energy and can lead to methane emission (Chan et al. 2009; Show & Lee 2017) . Developing and applying compact integrated systems with low footprint, low capital expenditures and high efficiency in organic removal, energy recovery and emission prevention is needed (Chan et al. 2009; Show & Lee 2017) , especially for wastewater treatment plants with space constraint.
The Hybrid Vertical Anaerobic Biofilm (HyVAB ® ) system is designed to fulfill the requirements of space and energy efficient wastewater treatment. HyVAB ® comprises a bottom AD stage and an aerobic biofilm stage (a continuous flow intermittent cleaning, CFIC ® ) stacked in one compact reactor (Phattaranawik & Leiknes 2010) . The AD stage is a high rate sludge bed process, which can be either an up-flow anaerobic sludge blanket (UASB) or an expanded granular sludge bed, depending on the wastewater content and operational conditions. The aerobic stage, CFIC ® contains highly packed biofilm carriers to a degree that oxygen is utilized efficiently by enhancing gas transfer and limiting carriers' movement in the reactor (Rusten et al. 2011) . The biofilm grows in condition of sufficient oxygen, organic substrates and nutrients. Excess aerobic sludge grown on the carriers' surface is washed off during the intermittent washing that helps maintain thin and effective biofilm (Costa et al. 2017) . Detached aerobic biofilm settles down by gravity to the AD stage, to be anaerobically degraded with the feed substrates. A preliminary lab-scale study shows that HyVAB can effectively stabilize high-strength petrochemical refinery wastewater, obtaining 60-85% COD removal and low biomass yield of less than 0.1 g VSS/g COD removed .
In this study, a pilot scale HyVAB system was constructed and operated on site of a full scale treatment plant for petrochemical refinery wastewater treatment. Performance of HyVAB treating such wastewater at varying loading conditions were tested. The overall HyVAB, AD and aerobic stage removal efficiency in terms of COD conversion, biomass and methane yields were monitored. Granules in the AD stage were also investigated to assess the performance of phase separation in the integrated system. This study will provide design parameters and serve as benchmark for a fullscale HyVAB construction in the petrochemical wastewater treatment industry.
MATERIAL AND METHODS

Feed wastewater
Petrochemical wastewaters of different sources, such as from manufacturing industries, auto repair shops and washing water of oil tanks are collected and delivered to a full scaled aerobic treatment plant at Bamble, Norway for resource recovery and biological stabilization. The collected wastes are stored in storage tanks before being distilled to extract oil residuals. The wastewater still contains high COD after oil residual extraction and is therefore further treated in a full-scale aerobic biofilm plant. NaOH/HNO 3 and nutrient (NP5 ® , NH 4 NO 3 and H 3 PO 4 solution, from Yara) are added to a wastewater equalization tank situated in front of the main treatment line to stabilize the wastewater (pH to the range of 4.5 to 7.5) and provide necessary nutrients for organisms' synthesis.
Wastewater for the pilot HyVAB test was from the same equalization tank as the full-scale plant. An increasing fraction of this wastewater was diverted to the HyVAB pilot plant during this study. NaHCO 3 solution was added additionally to the HyVAB feed to neutralize and provide relatively stable alkalinity (1,500 mg CaCO 3 /L) content. The composition of the petrochemical refinery wastewater was not consistent due to its varying sources and the wastewater COD ranged from 6-16 g/L with an average value of 10 g/L. Further wastewater characteristics are given in Table 1 . The feed wastewater stayed briefly in a small equalization tank (Figure 1 ) with mixing before being pumped in to the HyVAB inlet in the bottom of the anaerobic stage. 
Reactor setup
The pilot scale HyVAB system ( Figure 1 ) was constructed at the University College of Southeast Norway. The reactor system consists of an equalization tank (55 L) and a HyVAB reactor (66 L) assembled with glass and transparent polyethylene tubing ( Figure 1) . The reactor has a cross sectional area of 0.018 m 2 and a total height of 3.75 m. The bottom AD stage and aerobic biofilm stage is 2.5 and 1.25 m in height and with working volumes of 44 and 22 L, respectively. The two stages were separated by a 3-D printed three-phase separator (printing material is FULLCURE720 RGD720) with three layers of baffles. Generated biogas in AD stage was collected by the three-phase separator and further ventilated through a connected polyethylene tube ( Figure 1 ). In the aerobic stage, BWTS ® (Biowater Technology AS) biofilm carriers (surface to volume ratio of 650 m 2 /m 3 , with L*B*H ¼ 18.5*14.5*7.3 (mm 3 )) were applied as biofilm attachment substratum. Steel mesh was fixed above the three phase separator to prevent the biocarriers from falling down to the AD stage. Air was provided through an aeration tube fixed on the steel mesh at the bottom of the aerobic stage. A submerged pump was used for feeding raw wastewater to the 55 L equalization tank and three peristaltic pumps were applied for adding buffer solutions to the equalization tank, feeding wastewater to HyVAB and recycling liquid in the AD stage ( Figure 1 ). The recycle from the top to the bottom of AD stage was applied to dilute feed substrate and generate up-flow velocity to expand the granular sludge bed.
Experimental management
The reactor was operated continuously for 92 days at Bamble, Norway. Water temperature in the reactor was maintained between 19 and 23°C.
The wastewater feeding rate was maintained at 18.5 L/d at the beginning and increased stepwise to 90.7 L/d at the end of the test, with corresponding AD stage HRT from 57 to 12 hours. OLR varied more due to feed COD variations, from 3 to a maximum OLR of 33 kg COD/m 3 ·d at HRT of 12 h. AD stage recirculation rate was kept at 80 L/h, giving an up flow velocity of 4.4 m/h. Granular sludge, with a size ranges of 0.4-3.9 mm, a density of 1.1 kg/m 3 and settling velocity of 138 m/h from a full-scale paper and pulp wastewater treatment facility in Netherland was applied as inoculum. Approximately 20 L of the granular sludge was seeded to the reactor at the commencement of the test, giving an initial total solids (TS) content of 125.5 g/L with a volatile solids (VS) content of 64.6 g/L. 5 L more granule was seeded after 14 days of operation. The height of granular sludge bed in the AD stage was below 1.25 m.
In the aerobic stage, biocarriers attached with mature biofilm (10 g TS/m 2 biofilm) obtained directly from the full-scale CFIC reactor were added initially. Aeration was supplied at a rate of 400 + 100 L/h to maintain a dissolved oxygen (DO) level of 3 + 1 mg/L in the biofilm stage during the experiment. The aerobic CFIC stage was running in washing mode as a moving bed biofilm reactor throughout the experiment (Ødegaard 2006) .
Regular liquid samples were collected from the pilot equalization tank, sampling points SP-3 (2 m from the reactor bottom) and SP-Re (2.6 m from the reactor bottom) of AD stage and CFIC effluent ( Figure 1 ) three times a week (daily during weekdays the first 22 days). Total and soluble COD, pH, Volatile fatty acids (VFA), TSS and VSS were measured for each obtained sample while ammonium, total nitrogen, total phosphorus and alkalinity were measured occasionally to monitor the digester conditions. Sludge development in AD stage were monitored by measuring TS and VS contents from sample points SP-1, SP-2, SP-3 and SP-Re regularly. Biogas flow rate (using plastic gasbag) and biogas composition were measured three times a week. Digital biogas flowmeter was installed at the later stages of the operation. DO in the aerobic stage was also measured three times a week.
Analytical methods
VFA concentrations and biogas composition analysis were carried out using gas chromatographies HP 6890 serial C and SRI gas chromatography, model 8610C, respectively. VFA analysis using gas chromatograph with a flame ionization detector and a capillary column (DB-FFAP 30 m long and 0.25 μm film). Hydrogen and air were the detector gases with helium as the carrier gas at flow velocity of 24 mL/min. The injector and the detector temperatures were set to 200°C and 250°C, respectively. While the oven started at 80°C, held for a minute and then increased to 180°C at a rate of 30°C/min then to 230°C at a rate of 100°C/min. Biogas composition was analyzed using Helium as a carrier gas and the gas chromatography oven temperature was kept constant at 83°C. TS, VS, TSS and VSS (filtered with 1.5 μm pore size glass filter) were determined based on the standard methods (APHA 1995) . The Alkalinity was determined by potentiometric titration to end-point pH (APHA 1995) . Commercial kits (HACH LANGE) were used to determine total and soluble COD (filtered right after sampling with 0.45 μm pore size glass filter). pH and temperature were measured using VWR pH110 and DO was measured using WTW Oxi 3315.
Calculations
Equations (1)-(8) are used to calculate yields, removal percentages, HRT and COD recovered.
(2)
is the yield of biomass calculated according to the volatile solid that flowed out of the HyVAB reactor. Y Methane (L CH 4 /g COD removed) is the methane yield recovered from the AD stage. Dissolved methane was not considered. AD3 is the highest AD sampling point SP-3 ( Figure 1 ) and the samples collected from which are assumed to represent the effluent from the AD stage. TCOD X (%) and SCOD X (%) are the total and soluble COD removal efficiencies from the HyVAB and AD stage, where 'X' is used to denote which. HRT AD (h) is the hydraulic retention time in the AD stage. COD Rec represents the recovered COD as methane and what remains in the fluid at SP-3 to the total feed COD, used in the mass balance calculations.
RESULTS
Start-up
The first 17 days was a start-up phase with 18.5 L/d feeding rate which gave OLR less than 4.3 kg COD/m 3 ·d. VFA concentrations at the bottom (SP-1) were five times higher than at the top of the AD stage (SP-3), implying plug flow conditions. The AD stage COD removal efficiency was on average 67 and 80% for total and soluble, respectively. It shows that the seeded granular sludge had a fast and efficient adaptation to the fed wastewater. In terms of the overall performance of HyVAB, total and soluble COD removal were on average 83 and 86%, respectively, during the start-up phase. Generally, the reactor started up successfully and reached good performance by seeding mature granules and biofilm carriers at low OLR.
Overall reactor performance Figure 2 shows the COD removal efficiency with OLR and HRT. Efficient treatment was observed during the continued operation of the HyVAB reactor with increasing OLR up to 33 kg COD/m 3 ·d through step increases of hydraulic loading rate from 18.5 to 90.7 L/d over 77 days (Figure 2 ). Treatment efficiency deteriorated at the final, maximum load, defining the end of the study and indicating process capacity limitations for the given feed.
Total and soluble COD removal were above 80% and 90%, respectively, after the start up period, with the exception of temporary drops after feed concentration peaks at around 40 and 70 days and a final overload drop after 80 days (Figure 2) .
Effluent TSS increased with load at steady state from an average of 140 to 550 mg-TSS/L (Table 2) . Observed overall biomass yield remained quite constant at an average of 0.02 to 0.06 kg VSS/kg COD removed. Higher biomass discharge were observed, which were associated with abrupt changes in feed composition, such as an abrupt feed COD increase on day 71 caused 21% OLR increase comparing to the previous feed measurement. Total COD removal was reduced during this episode due to release of biomass to the effluent while removal of soluble COD was not significantly affected ( Figure 2) . The system recovered quickly after each temporary load peak. The final soar of feed COD peaking at OLR of 33 kg COD/m 3 ·d overloaded the reactor with both total and soluble COD removal efficiencies reduced to lower than 50% (Figure 2) . The tested final combination of high load and strong load increase revealed process capacity limits. It is clear that large and abrupt increase of OLR should be avoided in practice, especially when the processes is operated close to its capacity limit.
Anaerobic stage
Overall soluble COD removal was on average 90% except for the final overloading period (Figure 3) . The total AD stage COD removal fluctuated from negative values to 90%. A negative total COD removal was observed when extra granules were added to the reactor at the end of the start-up phase to boost the process capacity. The fresh granules were fluffy with high fraction of fine granules so that suspended solids were brought up to the sampling points SP-3 ( Figure 1 ) by high up-flow velocity. The three phase separator and the aerobic zone did however capture this COD preventing it from being washing out of the HyVAB (Figure 2) , confirming an advantage of the reactor design.
Feed petrochemical wastewater has large variations in contents in terms of COD and VFA concentrations. The VFA COD ranged from 500 mg/L to over 3,000 mg/L, accounting for 23% of the total feed COD on average. Acetic, butyric and isocaproic acids were the tree main acids of the VFA, accounting for an average of 87% of the feed VFA. AD stage (SP-3) VFA COD decreased gradually from 30% to 5% of the feed VFA COD, indicating that the culture adapted to the wastewater to become more efficient at converting VFA to methane.
Development of anaerobic sludge
Sludge samples from four sampling points in AD stage (Figure 1) were taken five times to monitor the development of the granular biomass in terms of TS and VS (Figures 4 and 5) . TS and VS were generally stable at the four sampling points with the majority of sludge at the bottom of the reactor (,130 cm). Minor fluctuations of the anaerobic sludge concentrations with time were also observed at the same height, such as reduction at 46 days (Figures 4 and 5) , when effluent TSS and VSS increased, indicating sludge loss. The reactor sludge VS was on average 40.3 g/L during the operation period, with an overall VS/TS ratio of 0.6. A distinct interface between the granular sludge blanket and above liquid was observed at stable operational conditions. The interface vanished with the final abrupt OLR increase that caused reduced COD removal efficiency. The anaerobic stage sludge loading rate (SLR) is shown in Figure 6 . The SLR increased from 0.1 to 0.55 kg COD/kg VS d with the increase of OLR from 3 to 22 kg COD/m 3 ·d (SLR for the final overload situation is irrelevant). The startup OLR and SLR were within the recommended ranges with SLR of 0.1-0.25 kg COD/kg VSS·d and OLR of 2-4.5 kg COD/m 3 ·d for a UASB reactor (Ghangrekar et al. 2005; Rizvi et al. 2015) . The results show that HyVAB can handle higher loads given time for the granules to adapt to the challenging feed tested here.
Methane yield
Biogas production recorded by grab samples every two days before 64 days and by continuous monitoring with a digital recording instrument afterwards, shows production from the start until the final overload. Biogas composition shows that 84 + 2% (35 data points) of the generated biogas was methane, with the rest mainly CO 2 . Additionally, about 2% of generated methane is probably lost to the aerobic stage where it will be consumed (Oni & Friedrich 2017) . The biogas yield at standard state (25°C and 1 atm) after 64 days was on average 0.38 + 0.09 L CH 4 /g COD removed (0.75 + 0.09 g CODCH 4 /g COD feed, 9 data points) at OLR from 15 to 20 kg COD/m 3 d and HRT of 12 hours (Figure 7) . The yield was close to the theoretical value. Some yields are higher than theoretical values based on influent COD removed, which may be attributed to the degradation of aerobic sludge settling from the aerobic stage. The yield dropped to lower than 0.2 L CH 4 /g removed COD after 90 days when the process was overloaded. Mass balance of the AD stage at four relative stable operational periods is presented in Table 2 . It can be seen that the methane yield at HRT of 22 h and OLR 10.7 kg COD/m 3 d was on average 0.51 (0.17) L/g COD removed, which is much higher than the theoretical methane yield, with a COD recovery ratio of 2.1. It is clear that other sources of organic carbon contributed to the methane yield. At OLR 15.1 and 16.7 kg COD/m 3 d and HRT 15 to 12 h, both particulate and soluble COD were reduced significantly comparing to that at 25 to 34 days. Good granule sludge settlement was observed with clear sludge bed height of 1.25 m during these periods. The methane yield was close to the theoretical values. Due to high removal efficiency in AD stage, less COD remained in the liquid that was consumed in the aerobic stage. The reduction of methane yield to close to theoretical value at higher loads was attributed to the low production of aerobic sludge causing less sludge settling down to the AD stage for methane recovery. When the OLR over 20 kg COD/m 3 d, methane yield was 0.29 L/g COD removed, relatively high effluent total and soluble COD was observed (Table 3) , indicating that the process was running at a sludge capacity limit in removing all the soluble COD. This does, however, not imply a capacity limit for the HyVAB as such, since it is possible to run it with significantly more granular sludge in the AD stage than the ∼1.3 m sludge bed height in this pilot study ( Figure 6 ).
Aerobic biofilm stage
The aerobic biofilm stage worked as a complementary sector for polishing liquid flow from the anaerobic stage by consuming residual COD. Due to the high COD removal efficiency in the AD stage (Figure 3) , the residual soluble COD from AD stage to the aerobic stage was generally lower than 10% of the total feed COD. It is also observed that the aerobic stage filtered the suspended solid from moving out of the reactor system well, with effluent TSS much lower than that in the recycle line (Figure 8 ), which pumps from the middle of the three-phase separator (Figure 1) . The effluent TSS was average lower than 550 mg/L ( Table 2 ). The biofilm mass on carriers was on average 28 g/m 2 and was relatively constant during the test period. During the test, 400 + 100 L/h aeration rate was applied. The dissolving oxygen (DO) was generally above 2 mg/L, with some exceptions. With increased AD stage OLR, the oxygen demand in aerobic stage increased, observed as decreased DO concertation. Abrupt OLR increase at 71 days and after 90 days ( Figure 2 ) led to DO , 1 mg/L, implying high oxygen demands in the aerobic stage. The pH in aerobic stage during the operation was on average 8.3 and dropped below 8 after 90 days due to the accumulation of VFA.
DISCUSSION
The startup of HyVAB was fast (in two weeks) and efficient (80% total COD removal) attributing to the high quality granules seeded in AD stage and the application of mature biofilm carriers to the aerobic stage. Active sludge development with both high specific activity and good settle ability are key factors for the successful operating of the pilot HyVAB. Adaptation to petrochemical wastewater by stepwise OLR increase also enhanced the development of healthy anaerobic granules and prevented inhibitions. The HyVAB system has been proven to be highly efficient in reducing COD content in the petrochemical wastewater and results in low effluent suspended solid content (,500 mg TSS/L) at most of the operational periods. The biomass yield is much less than that observed in a single moving bed bioreactor treating similar and other wastewater (0.04 in HyVAB vs 0.2-0.3 g VSS/g removed COD in conventional aerobic processes).
Good sludge retention and adequate contact with feed organics are important factors that determine good performance of wastewater treatment facilities (Rizvi et al. 2015) . The HyVAB was operated under a constant liquid up-flow velocity of 4.4 m/h, which poses selective pressure on granular sludge, gradually washing out small particles (Hulshoff Pol et al. 2004; Gupta et al. 2016 ) and enhanced the granules development while suppling sufficient mixing (Chan et al. 2012) . A clear granule sludge bed (∼1.3 m in height) was observed after operating the system for 30 days with smaller particles being washing out from the reactor AD stage. The high recycle ratios (recycle rate to feed loading rate) from 104 to 21 diluted the feed wastewater to maintain COD removal efficiency at high OLR (Najafpour et al. 2006; Zhang et al. 2009 ). The HyVAB reactor had no problem even at the highest recirculation ratio of 104 at the beginning.
During abrupt increase of COD concentration and step changes of OLR (,25 kg COD/m 3 d) in the wastewater, the AD granules perform fairly well, showing good recovery efficiency. While increased TSS above the sludge bed was observed during OLR over 25 kg COD/m 3 d where the SLR was over 0.5 g COD/g VS·d. It indicates that granular sludge was strengthened during the high OLR. Due to the baffle effect of the three-phase separator and the aerobic biofilm stage, the increased TSS hardly reached the HyVAB effluent. It was confirmed that TSS at 5 cm above the recycling point showing 7-18% less TSS than in the recycle line started at the bottom of the three-phase separator. Above recycling point, vertical velocity decreased allowing particles to settle down to AD stage. Anaerobic granules loss through the HyVAB at abrupt loading increase to above 30 kg COD/m 3 d (due to feed COD fluctuation) was observed. Granules disintegrated and were washed out of the reactor at this condition. The sludge loading was over 0.5 g COD/g VS·d which is considered high for anaerobic granules (Hamza et al. 2016; Li et al. 2016 ) and reduced treatment efficiency was observed. Similar overload response was observed by (Farajzadehha et al. 2012) . It is thus recommend to prevent such abrupt load changes to avoid sludge-overloading and prevent sludge loss (Hamza et al. 2016; Li et al. 2016) . A pH reduction to lower than 6 in the AD stage was also observed at the highest OLR. Good control of pH and alkalinity can help maintain favorable pH to prevent AD collapse. Close DO monitoring and control in the aerobic stage will also contribute to stable HyVAB operation, quick recovery after disturbances and save energy for aeration.
Due to the close integration of the anaerobic and aerobic process in a compact system, the dissolved gases (methane, H 2 S etc.) generated in the AD stage will not be released to atmosphere avoiding a commonly observed emission problem in anaerobic treatment plants (Daelman et al. 2012) . The dissolved gases will instead be captured and oxidized by aerobic organisms above the anaerobic stage, avoiding methane emission and obtaining odorless discharges to air and water. Returning of the excess aerobic sludge to the AD stage simply by gravity where the solids undergo stabilization, simplifies the sludge treatment and is one of the advantages of this system. Such direct stabilization of aerobic sludge in the AD stage also contributes to methane production, as observed in this research.
CONCLUSIONS
Successful operation of the HyVAB reactor treating petrochemical refinery wastewater was achieved at varying organic loading rates for 92 days at 21°C. The unique features of HyVAB with close integration of anaerobic and aerobic stages enable steady state average 86% of the total feed COD and 91% soluble COD removal with low sludge production (0.04 kg VSS/kg COD removed). Detached aerobic sludge settled to the AD stage where it was digested, contributing to methane production. The produced biogas contained 84 + 2% methane and discharges to air and water were odorless.
